One-Center Charge Transfer Transitions in Manganites 
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In frames of a rather conventional cluster approach, which combines the crystal field and the ligand 
field models we have considered different charge transfer (CT) states and O 2p-Mn 3d CT transitions 
in MnOg~ octahedra. The many-electron dipole transition matrix elements were calculated using 
the Racah algebra for the cubic point group. Simple "local" approximation allowed to calculate the 
relative intensity for all dipole- allowed n — n and a — a CT transitions. We present a self-consistent 
description of the CT bands in insulating stoichiometric LaMn"^'''03 compound with the only Mn^^ 
valent state and idealized octahedral MnOg" centers which allows to substantially correct the current 
interpretation of the optical spectra. Our analysis shows the multi-band structure of the CT optical 
response with the weak low-energy edge at 1.7 eV, associated with forbidden tig{n) — Cg transition 
and a series of the weak and strong dipole-allowed high-energy transitions starting from 2.5 and 
4.5 eV, respectively, and extending up to nearly 11 eV. The most intensive features are associated 
with two strong composite bands near 4.6 -r- 4.7 eV and 8-^9 eV, respectively, resulting from the 
superposition of the dipole-allowed a ~ a and tt ~ n CT transitions. These predictions are in good 
agreement with experimental spectra. The experimental data point to a strong overscreening of the 
crystal field parameter Dq in the CT states of MnOg~ centers. 



I. INTRODUCTION 

The discovery of the colossal magnetoresistance in 
doped manganites like Lai_a;Sra;Mn03 have generated a 
flurry of the ideas, models and scenarios of this puzzling 
phenomena, many of which are being developed up to 
date, although the situation remains controversial. There 
are many thermodynamic and local microscopic quanti- 
ties that cannot be explained by the conventional double- 
exchange model with the predominantly Mn 3d location 
of doped holes. In such a situation we argue a necessity 
to discuss all possible candidate states with different va- 
lent structure of manganese and oxygen atoms, as well 
as different valent states of octahedral MnOg centers.EJ 
Namely these slightly distorted octahedra are believed 
to be the basic units both for crystalline and electronic 
structure in manganites. 

As for an examination of the energy spectrum and elec- 
tronic structure one should emphasize an importance of 
different optical methods because these provide valuable 
information concerning the dielectric function. The na- 
ture of the low-energy optical electron-hole excitations 
in the insulating transition metal (3d-) oxides represents 
one of the most important challenging issues for these 
strongly correlated systems. It is now believed that the 
most intensive low-energy electronic excitations in insu- 
lating 3d-oxides correspond to the transfer of electrons 
from oxygen anion to 3d metal cation, hence these ma- 
terials are charge transfer (CT) insulators. However, the 
more detailed assignment of these excitations remains 
open. All these are especially interesting because they 
could play a central role in multiband Hubbard models 
used to describe both the insulating state and the uncon- 
ventional states developed under electron or hole doping. 

It is now generally accepted that the ground state of 
the MnOg centers in LaMnOs corresponds to the orbital 
doublet ^Eg term of the high-spin tig^g configuration. 
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The optical conductivity spectrum of LaMnOs ex 
two broad peaks centered around 2.0 and 5.0 eV. 
However, it has remained unclear just what the nature of 
the intensive low-energy optical electron-hole excitation 
peaked near 2.0 eV as well as more intensive excitat, 
with higher energy peaked near 5.0 eV. Some author; 
assign these both features to the dipole-allowed CT tran- 
sitions hke ^igSg ~ ^ig^lL. ^ud iigSg — f^gSgL {L denot- 
ing a ligand hole), respectively. However, other as- 
sign the low-energy peak to the "intra-atomic" ^Eg — 
^Eg transition, or doubly- forbidden (parity and orbital 
quasimomentum) d-d-like crystal-field transition between 
two ^-Eg-sublevels separated by a splitting due to low- 
symmetry crystalline field. Both interpretations being 
particularly qualitative suffer from many shortcomings 
and give rise to many questions concerning the details 
of the charge transfer states or expected extremely weak 
intensity for the d-d transitions. 

Unfortunately, the main body of the optical data for 
manganites is obtained from reflectivity measurements, 
that often implies a parasitic contribution due to a de- 
terioration of the sample surfacecl, and can give rise to 
some ambiguities due to problems with Kramers-Kronig 
transformation. The more straightforwjard optical trans- 
mission spectra of the LaMnOs filmaS revealed a fine 
structure of the low-energy 2 eV band with two features 
near 1.7 and 2.4 eV, respectively, which were||aasigned in 
contrast with the preceding interpretationsnHocI to the 
Mn'^+ d-d crystal-field transition ^Eg — ^Tig, split by the 
JT effect. Such an ambiguity leaves the question of the 
nature of the main optical transitions in LaMnOa far 
from being resolved. The band structure calculations, 
including the LDA+U, fail to clear up the situation be- 
cause of these cannot reproduce the important effects of 
intra-atomic correlations forming the term structure both 
of ground and excited CT states. In this connection a 
rather conventional quantum-chemical cluster approach. 
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FIG. 1: The diagram of Mn 3d-0 2p molecular orbitals for the 
MnOe octahedral center. The O 2p - Mn 3d charge transfer 
transitions are shown by arrows; strong dipole-allowed a — a 
and TT — TT by thick solid arrows; weak dipole-allowed it — a and 
cr — TT by thin solid arrows; weak dipole-forbidden low-energy 
transitions by thin dashed arrows, respectively. 



which combines the crystal field and the ligand field mod- 
els with real opportunity to include all correlation effects, 
seems more relevant. 

Below, in frames of such an approach we consider dif- 
ferent CT states and O 2p-Mn 3d CT transitions in MnOe 
octahedra. As we suppose, they define the main part of 
the optical response both for undoped LaMnOa and dif- 
ferent doped manganites. 



II. ELECTRONIC STRUCTURE OF 
MANGANESE IONS AND 
MANGANESE-OXYGEN OCTAHEDRAL 
CENTERS IN MANGANITES 

Five manganese Mn 3d and eighteen oxygen O 2p 
atomic orbitals in octahedral MnOe complex with the 
point symmetry group Oh form both hybrid Mn 3d-0 2p 
bonding and antibonding Cg and t2g molecular orbitals 
(MO), and |«Cjftjbpnding aig(cr), tig(7r), ii„(cr), ti„(7r), 
t2u{'^) onesBHBll^l Non-bonding ti^{a) and ii„(7r) with 
the same symmetry are hybridized due to the oxygen- 
oxygen O 2p7r - O 2p7r transfer. The relative energy 
position of different non-bonding oxygen orbitals is of 
primary importance for the spectroscopy of the oxygen- 
manganese charge transfer. This is firstly determined 
by the bare energy separation Ae2p,rcr = e2pir " ^2pa be- 
tween O 2p7r and O 2p(T electrons. Since the O 2pa or- 
bital points towards the two neighboring positive 3d ions, 
an electron in this orbital has its energy lowered by the 
Madelung potential as compared with the O 2p7r orbitals. 



which are perpendicular to the respective 3d-0-3d axes. 
Thus, Coulomb arguments favor the positive sign of the 
TT — CT separation — epa which numerical value can be 
easily .estimated in frames of the well-known point charge 
modefl, and appears to be of the order of 1.0 eV. In a first 
approximation, all the 7(71) states iig(7r), tii,(7r), t2M(7r) 
have the same energy. However, the O 2p7r-0 2p7r trans- 
fer yields the energy correction to its bare energies with 
the largest in value and positive in sign for the tig(7r) 
state. The energy of ti„(7r) state drops due to hybridiza- 
tion with cation 4pii„(7r) state. In other words, the 
tig(7r) state is believed to be the highest in energy non- 
bonding oxygen state. For illustration, in Fig.l we show 
the energy spectrum of the 3d-2p manifold in octahedral 
complexes like MnOg with the relative energy position of 
the levels according to the Xa-method calculationstil for 
the FeOg~ octahedral complex in a lattice environment 
typical for perovskites like LaFeOs, LaMnOs. 

The conventional electronic structure of octahedral 
MnOg complexes is associated with the configuration of 
the completely filled O 2p shells and partly filled Mn 
3d shells. The typical high-spin ground state configura- 
tion and crystalline term for Mn'^"'" in octahedral crys- 
tal field or for the octahedral MnOg~ center is t^gCg 
and ^Eg, respectively. Namely this orbital doublet re- 
sults in a vibronic coupling and Jahn- Teller (JT) effect 
for the MnOg~ centers, and cooperative JT ordering in 
LaMnOa. In the framework of crystal field model the 
^Eg term originates from the (3d^ ^D) term of free Mn'^+ 
ion. Among the low-energy crystal field d-d transitions 
for the high-spin Mn'^^ ions one should note a single spin- 
allowed and parity-forbidden ^Eg — ^T2g transition at en- 
ergy varying from about 2.0 to 2.5 eV depending on the 
crystalline matrix. So, this is likely to bp-pear 2.5 eV for 
the Mn'^^ impurity in perovskite YAIO3 .t3 The transition 
is magneto-optically active, and could manifest itself in 
the Faraday and Kerr effects. A detection of the spin- 
and parity-forbidden ^Eg — ^Tig transition with, proba- 
bly, lower energy could be rather important in the Mn'^^ 
assignment. 

The unconventional electronic configuration of octahe- 
dral MnOg complexes is associated with a charge transfer 
state with one hole in O 2p shells. The excited CT con- 
figuration 7^ 3d"+^ arises from the transition of an 

^ — 2p 

electron from the MO predominantly anionic in nature 
(the 72p hole in the core of the anionic MO being hereby 
produced), into an empty 3d- type MO {t2g or e^). The 
transition between the ground configuration and the ex- 
cited one can be presented as the 72p — > 3d(t2g, Sg) CT 
transition. 

The CT configuration consists of two partly filled sub- 
shells, the ligand 72p-, and the cation 3d(t2geg^) shell, 
respectively. It should be emphasized that the oxygen 
hole having occupied the non-bonding "f2p orbital inter- 
act ferromagnetically with 3d{t2geg^) shell. This rather 
strong ferromagnetic coupling results in Hund rule for 
the CT configurations, and provides the high-spin ground 
states. The maximal value of the total spin for the Hund- 
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like CT state in MnOg~ center equals S = 3, that uncov- 
ers some perspectives, to unconventional magnetic signa- 
tures of these states. tl 

It should be noted that the presence of the oxygen hole 
moving around 3d-ion in the CT state can, in common, 
provide a strong screening both of the 3d crystal field and 
intra-atomic electron-electron repulsion with the renor- 
malization of the appropriate correlation Racah param- 
eters A, B, C and crystal field splitting Dq. It should 
be noted that unlike the "monopole" parameter A the 
"multipole" ones B and C usually manifest relatively 
weak response to crystalline environment .Q Nevertheless, 
all these effects can strongly complicate the calculation 
of the energy structure for the respective 3d"+^ config- 
uration. This configuration in the case of CT states in 
MnOg^ center nominally corresponds to Mn^+ ion. In 



Energy (eV) B=0.12, C=0.41eV 















3d' configuration ^ 





'A 
'A, 



E 

8 -^8 



Dq (eV) 

FIG. 2: The energy-level Tanabe-Sugano diagram for the 
high-spin terms of 3d^ configuration in octahedral (or cubic) 
crystal field. 



are spin- and parity-forbidden, therefore|-t|hese are ex- 
tremely weak (oscillator strength ^ 10~^)Ej, and hardly 
observable in the optical absorption spectra. However, 
it has been recently shown (see Ref. and references 
therein) that the dipole- and spin-forbidden d-d exci- 
tations can be examined excellently by spin-polarized 
electron energy loss spectroscopy (EELS). Fromme et 
alS3 have measured with high accuracy (< 0.02 eV) 
the excitation energies for almost all quartet ''F terms 
of Mn2+ ions in MnO: ^TigC^G) (2.13), ^TsgC^G) (2.4), 
^A,g,^Eg{^G) (2.82), ^T^gi^D) (3.31), ^(^i^) (3.82), 
4rig(4p) (4.57), ^A2gi^F) (5.08), ^T.gi^F) (5.38 eV). 
The-energy of ^T2g('*F) term is expected to be near 6.0 
eV.til Simple tpctbook three-parameter {B, C, Dq) crys- 
tal field theorylij provides a self-consistent description of 
these data given the crystal field parameter Dq — 0.15 
eV (see Fig. 2). Rigorously speaking, we should con- 
clude Dq = ±0.15 eV because the energies of all quar- 
tet and sextet terms for the half-filled 3d^ configuration 
depend only on modulus \Dq\. Parameter Dq defines 
not only the value of the cubic crystal field splitting 
A ~ lODq ~ E{eg) — E{t2g), but its sign. In other 
words, measuring only the energy of quartet terms for 
Mn^+ (or Fe'^+) we cannot separate two opposite cases: 
E{eg) > E{t2g) and E{eg) < E{t2g)- However, this puz- 
zling effect concerns only the energy rather than wave 



functions for the Tg 
the sign of Dq. 



terms which strongly depend on 
Given Dq > the lowest ^Tig term is 
of dominant i|ge^ configuration, while for Dq < this is 
of dominant tig^g configuration. Below we shall see that 
the latter effect would result in very strong difference in 
the lineshape of the CT bands for Dq > and Dq < 
given the same energy spectrum of the CT states. 

Finally, one should emphasize that both the energy 
and wave functions for ^Aig,^Aig, ^^2g, '^Eg terms do not 
depend on the crystal field parameter Dq at all. 



III. CHARGE TRANSFER TRANSITIONS IN 
MnOl? CENTERS 



Fig. 2 we reproduce the conventional octahedral crystal 
field energy scheme (Tanabe-Sugano diagram) for the 
high-spin states of 3d^ configuration given the param- 
eters B =r-|[0il2, C = 0.41 eV typical for Mn^+ ions 
in oxides .oEj It is well-known that Mn^+ ion in cubic 
crystal field or the octahedral MnOg°^ center manifests 
usually the high-spin ground state ^Aig of the t^gC^ con- 
figuration. The strong Coulomb repulsion leading to 
the high-spin ^Aig ground term for Mn^"*" ion would 
result in strong corrections to a simple picture of the 
energies for the CT states based on the one-electron 
approach sketched in Fig.l. Indeed, the one-electron 
model predicts the lower energy of the CT states with 
Sd^l^gpCg configuration rather than 3d^;i2geg configura- 
tion. This example clearly demonstrates the role played 
by intra-atomic correlations. It should be noted that for 
the 3d^ configuration the ^Aig term is the only spin- 
sextet, so all the d-d transitions from the ground state 



A set of the intensive and broad absorption bands in 
parent manganites is usually-assigned to the anion-cation 
O 2p-Mn 3d charge transfer .HijIj In the framework of the 
MnOe center model this elementary CT process gener- 
ates both intra- and inter-center CT transitions for the 
MnOg^ centers. The intra-center CT transitions-could 
be associated with the small CT Frenkel exciton£]\ and 
represent the oxygen hole moving around 3d"^^-cation. 
The inter-center CT transitions form a set of small CT 
excitons, which in terms of chemical notions represent 
somewhat like the disproportionation quanta 



MnOl" (1) 



resulting in a formation of the bounded electron MnOg"" 
(e-) and hole MnOg^ {h-) small radius centers. A min- 
imal energy of such an exciton or the disproportiona- 
tion threshold usually proves to be lower than appro- 
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priate purely ionic quantity which value equals to the 
electrostatic correlation energy Udd ~ 10 eV. The esti- 
mates made in Ref.|l^ yield for this energy in LaMnOa: 
/\E « 3.7 eV. 



A. Intra-center charge transfer transitions in 



MnO^- 



centers 



The conventional classification scheme of the CT tran- 
sitions in the octahedral MnOg~ centers (intra-center 
CT transitions) incorporates the electric-dipole allowed 
transitions 7„ — > 3dt2g , Sdcg from the odd oxygen 7^ — 
tiu{'^)T't2u{'^),tiu{(T) orbitals to the even manganese 
3dt2g and Sdcg orbitals, respectively. These one-electron 
transitions generate a manifold of the many-electron ones 
^Eg —> ^Tu {Tu may be equal both to Ti„, and T2u) which 
may additionally differ by the crystalline term of the re- 
spective 3d"+^ configuration: 



elf Eg 



elfVg-nufT^. (2) 



IfEg 



2. 2SiH 
9' 



i Ig) 



■ g ; 7u ) 

. (3) 

for 7„ — > 3di2g and 7,1 — > 3deg transitions, respectively. 
Here, we already took into account the Pauli principle 
and the "triangle rules" for spin momenta and orbital 
" quasi- momenta" like F. Proceeding with this analysis 
we can obtain full selection rules for the many-electron 
CT transitions: 

1. Each 7„ — > 3dt2g transition generates two doublets 
of many-electron CT transitions ^Eg ^Ti^2u, differing 
by the term of the ^29^9 configuration: ^Iig and '*T'2g, 
respectively. 



2. Each 7„ 



3deg transition generates 5 many- 



term of the ^igSg configuration: '^Aig, ^^25, ^^ig, '^Eg, 
respectively (in the case of '^Eg term each one-electron 
transition generates the ^Ti 2« doublet). The Tig quasi- 



momentum is determined by the triangle rule: 

A2g®Tg. 

Additionally, we should take into account the config- 
urational interaction. Indeed, the terms with the same 
symmetry for different configurations interact and mix 
with each other. In our case, for the 3d^ configuration 
we have 3 terms ^Tig and 3 terms *T2g which present both 
in the tj^el 



and t-lgCg, 



configurations (see Fig. 2). 
For the ^29^9 configuration there are two interacting '^Eg 
terms. 

Hence, beginning from 3 iiu(7r), fi„(cr), i2ji(''r) non- 
bonding purely oxygen orbitals as initial states for 
one-electron CT we come to 60 (!) many-electron 
dipole-allowed CT transitions ^Eg ^Ti^2u- 24 tran- 
sitions tiM(7r), t2n(7r) — t2g (tt — TT chauuel), 16 transi- 
tions tiM(7r), t2t,(7r) — eg {n — a channel), 12 transitions 
ii«(c) ~ t2g (cr — TT channel), and 8 transitions tiu{(7) — Eg 
(a — a channel), respectively. Thus, the real situation 
with the multi-band structure of the dipole-allowed O 2p 
- Mn 3d CT transitions in MnOg' centers requires the 
crucial revision of the oversimplified approaches based, on 
the concept of the only O 2p - Mn 3d CT transitior'^^' 
at the best of two O 2p - Mn 3dt2g , eg CT transitions 



B. Dipole transition matrix elements 

Making use of the Racah alge hr . a (the method of the 
irreducible tensorial operators)ll3oE3 both for spins and 
quasimomenta we obtain after some cumbersome calcu- 
lations the following expressions for the dipole transition 
matrix elements between the ground (^20*^23 




elfEg 



electron CT transitions "^En 



^Ti^2m differing by the and excited CT states in MnOg octahedra: 



J 



In 



t2g transfer 



mg^A2g■,elfEg^i\dg\{{tlg'Tlg■elfTg■J^fT^^i) 



^'n ^/ > ((^^/^2,;4)5i?g||d||((43ri,;ei)%;7^)^T„), 



(4) 



where for the many-electron submatrix element 

((4'^2g;ei)^i?g||ci|i((4/Ti,;ei)4F,;7^)^T„) 



(-l)^'(^")3V2[Fg] 
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{lu\\d\\t2g) 



(5) 



7« 



transfer 



((t^/A2g;e^)^i?gA^|d,|((t^/A2g;e^;^^^+^Fi,)^*+^F,;7^)XM) 
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(-1)" 



(6) 



where for the many-electron submatrix element 
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2g; 
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Here, the expressions (||), represent the Wigner- 
Eckart theorem for many-electron transition matrix el- 



ements with 



being the Wigner coefRcient for 



the cubic point groupME^I In (||), the conventional 
notations are used for spin 6j- and orbital 6r symbols 



[S] = 25+1, [r] is the dimensionality of 



the corresponding irreducible representation of the cubic 
point group; j{T) the so-called quasimomentum number; 
(7„||c?||7g) is the one-electron dipole moment submatrix 
element. The latter is defined by the respective Wigner- 
Eckart theorem as follows 



{lu^J.\dq\Jg^l ) (-1) 



lu Tin "fg 



(7"IMIl7s) ■ 
(8) 

It should be noted that the above calculation of the dipole 
matrix elements implies the same character of the one- 
electron t2g , Bg orbitals both for the ground state tfg i Sg 
and excited ijgi Sg ^2c/j C-T configurations, particularly 
with the invariable values of the appropriate covalency 
parameters. 

The one-electron dipole moment submatrix elements 
can be rather simply evaluated in frames of the so-called 
"local" approximation, in which the calculation of the 
matrix of the dipole moment implies the full neglect all 
many-center integrals: 

(0fci(Ri - r)|d|0fe2(R2 - r)) = eRi5Ri,R2 Sk^M , 

where Ri, R2 label sites, fci, k2 atomic functions, respec- 
tively. Then 



(t2u{'^)\\d\\eg) = 0; (t2«(7r)||rf||<2g) = -Kd] 



{tiu{cT)\\d\\t2g) =0; {h^{a)\\d\\eg 



2 



X„d\ 



(9) 



(tinWI|d||eg) =0; (ti„(7r)||d||<2g) = 



'^Kd. 



Here, Ao-jA^ are effective covalency parameters for 
691*29 electrons, respectively, d = ei?o is an elementary 



dipole moment for the cation-anion bond length Rq. We 
see, that the "local" approximation results in an addi- 
tional selection rule: it forbids the cr — > tt, and tt — * cr 
transitions, tiu{(y) t2g, and ii,2«(7i') eg, respec- 
tively, though these are dipole-allowed. In other words, in 
frames of this approximation only tr-type (ti„((T) — > e^) 
or TT-type (ii,2u(7r) — > t2g) CT transitions are allowed. It 
should be emphasized that the " local" approximation, if 
non-zero, provides the leading contribution to transition 
matrix elements with corrections being of the first order 
in the cation-anion overlap integral. Interestingly, that 
the one-electron dipole moment submatrix elements for 
both TT n transitions in Eq. have the same ab- 
solute value. Hereafter, we make use of the terminology 
of "strong" and "weak" transitions for the dipole-allowed 
CT transitions going on the cr — a, tt — tt, and n — a, a — tt 
channels, respectively. Thus, for MnOg^ center we pre- 
dict a series of 32 strong many-electron dipole-allowed 
CT transitions ^Eg ^Ti_2« (24 for tt - tt, and 8 for 
a — a channel) and 28 weak dipole-allowed CT transi- 
tions {tt — a and a — tt cross-channels) . 

The formulas (|^)-(||) together with the numerical val- 
ues of some 6j- and GF-symbols, listed below in Appendix 
allow to make quantitative predictions for the relative 
magnitude of the intensities for different CT transitions. 
First of all we would like to compare the overall integral 
intensities for the strong dipole-allowed CT transitions in 
the TT — TT and a — a channels. To this end, we calculate 
and sum the line strengths (the dipole submatrix element 
squared) which are proportional to the appropriate oscil- 
lator strengths: 



Itttt — 9Ail d'^; Inn — T:^n d^ 



or 



Itttt/ 1(7(7 — 6A^/Ag 



(10) 



(11) 



In other words, the ratio of the total oscillator strengths 
for these channels is determined by the ratio of the re- 
spective cation-anion charge density transfer parameters. 
Usually, A^ > A^, however, it seems the overall intensity 
for the TT — TT channel can be comparable with that of for 
a — <7 channel, or even exceed it. In frames of the sep- 
arate channel we can obtain exact relations between the 
partial oscillator strengths for the CT transitions differ- 
ing by the final state of the ^20^0 ^^'^ ^20^0 configuration 



6 



for the TT — TT and a — a channel, respectively. For the 
TT — TT channel we have 

ICT,,-'T.^):I{^T^,-'T^) = \ : \ (12) 

irrespective of the type of the transferred oxygen tt elec- 
tron, or Here, each intensity represents the sum 
for two doublets, ^Ti„ and ^T2u- Interestingly, the rela- 
tive intensity for these two components is 3 : 1 and 1 : 3 
for the ^Tig and ^T2g "intermediate" terms, respectively. 
It should be noted that absolutely the same relations are 
fulfilled for the weak dipole-allowed CT transitions in the 
a — TV channel. 

For the strong a — a, and weak tt — ct channels we have 
the more nontrivial relation: 

= ^:^ (13) 
15 15 9 9 ^ ' 

where the third transition is doublet with the equal inten- 
sity of both components. It should be reminded that all 
these numerical data are obtained for CT transitions to 
"pure" ^23^9 ^-rid ifgSg configurations. The configuration 
interaction effect results in a redistribution of the respec- 
tive intensities in between all interacting terms with the 
same symmetry. 

IV. CHARGE TRANSFER TRANSITIONS IN 
PARENT LaMnOa 

Now we can apply the model theory to the undoped 
stoichiometric manganite LaMnOs. For our analysis 
to be more quantitative we make two rather obvious 
model approximations. First of all, one assumes that for 
MnOg~ centers in LaMajCU as usually for cation-anion 
octahedra in 3d-oxideaall30 the non-bonding tig (tt) oxy- 
gen orbital has the highest energy and forms the first 
electron removal oxygen state. Moreover, to be definite 
we assume that the energy spectrum of the non-bonding 
oxygen states for Mn'^+Og~ centers in LaMnOs coincides 
with that calculated in Ref.|l| for Fe^+Og" in LaFeOs 
with the same crystalline environment, in other words, 
we have (in eV): 

A(iig(7r) - t2u{TT)) « 0.8 ; A(tig(7r) - ii„(^)) « 1.8 ; 

A(iig(7r)-ii„((7)) «3.0. 

This is believed to be a rather reasonable choice of the en- 
ergy parameters, because the purely oxygen states mainly 
depend only on crystalline environment. Secondly, we 
choose for the Racah parameters B and C the numer- 
ical values typical for Mn^+ in oxides, 0.12 and 0.41 
eV, respectively (see above) . The crystal- field parameter 
Dq may be varied, however, we decide in favor of only 



two model considerations with the same absolute value 
but the different sign of \Dq\ = 0.15 eV ("conventional" 
Dq > and "unconventional" Dq < sign). Let us men- 
tion that this value, irrespective of the sign, provideSj-a, 
reasonable explanation of the Mn^+ spectra m. MnOt^l 
(see above). Moreover, the photoemission datao are be- 
lieved to confirm the relevance of this value for crystal 
field splitting parameter in LaMnOa. 

Hereafter, this set of parameters is used for the model 
theoretical simulation of the overall CT band in LaMnOa. 
Firstly, we argue that the lowest in energy spectral fea- 
ture observed in LaMnOa near 1.7 eV is believed to be 
associated with the onset of the series of the dipole- 
forbidden CT transitions tig(7r) eg,t2g, rather than 
with any d-d crystal field transition. The energy of this 
transition was picked out to be a starting point to assign 
all other CT transitions. 

Weak dipole-allowed tt — a CT transitions t2u (tt) — eg 
and tiu{Tr) — eg form more intensive CT bands starting at 
higher than the preceding series energies, near 2.5 and 3.5 
eV, respectively, in accordance with the magnitude of the 
tig{TT) — t2uiT^) and tig(7r) — ti„(7r) separations. Actually, 
the tiu{TT)~eg transition has to be more intensive because 
the iiu(7r) state is partly hybridized with tiu{cr), hence 
this transition borrows a portion of intensity from the 
strong dipole-allowed ti„((T) — Cg CT transition. 

The latter a — a transition as we see from Eq.(p^) 
forms intensive broad CT band starting from the main 
^Eg - ^Aigi^Tiu peak at « 4.7 eV and ranging to the 
^Eg — '^A2g\ ^T2u peak at « 10.2 eV with interstitial peaks 
at « 8.0 eV being the result of the superposition of two 
transitions ^Eg — ^Aig\ ^Ti„ and ^Eg — ^Eg\ ^T„, and at 
~ 8.8 eV due to another ^Eg — '^Eg-.^Tu transition, re- 
spectively. Thus, the overall width of the CT bands with 
final ifgSg configuration occupies a spectral range from 
1.7 up to - 10 eV. 

As it is seen from Eq. (03) strong dipole-allowed tt — tt 
CT transitions i2ji(7r), iiT(7r) — i2g form two manifolds 
of equally intensive CT bands shifted with respect each 
other by the t2u{T^) — ^Iu^tt) separation (« 1.0 eV). In 
turn, each manifold consists of two triplets of weakly 
split and equally intensive CT bands associated with 
^Eg - '^Tig; ^Tu and ^Eg - "Tzg; ^T^ transitions, respec- 
tively. In acipordance with the assignment of crystal-field 
transitionalj in LaMnOa (see Fig. 2) we should expect 
the low-energy edge of the dipole-allowed tt — tt CT band 
starting from « 4.5 eV (1.7 + 2.0-f (iig(7r) — t2u{'^) sepa- 
ration)). Taking account of strong configuration interac- 
tion we should expect the high-energy edge of this band 
associated with the highest in energy ^T2g term of the 
3d^ configuration to be situated near « 9.9 eV. In be- 
tween, in accordance with our scheme of energy levels we 
predict peaks at 5.2; 5.5; 6.2 (x2); 7.2(x2); 7.9; 8.2; 8.3; 
8.9 eV. The weak dipole-allowed a — Ti transitions occupy 
the high-energy spectral range from 6.7 to 11.1 eV. 

Overall, our analysis shows the multi-band structure of 
the CT optical response in LaMnOa with the weak low- 
energy edge at 1.7 eV, associated with forbidden iig(7r) — 
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FIG. 3: Theoretical simulation of the overall O 2p-Mn 3d CT band in LaMnOs with conventional Dq > (a) and unconventional 
Dq < (b) sign for the crystal field parameter. The top panels shows the partial contributions of difi'erent dipole-allowed 
transitions. The lower panels present the overall contribution of the dipole-allowed CT transitions to the imaajnary part of 
dielectric function. Experimental spectrum for Lai-^^Sr^MnOs given a; ~ from the paper by Okimoto et al!u is shown in 
insert (see text for details). 



Cg transition and a series of strong bands in the range 
4.6-^10.2 eV beginning from composite peak at ^ 4.5-^4.7 
eV and closing by composite peak at 8 10 eV both 
resulting from the superposition of strong dipole-allowed 
TT — TT and a ~ a CT transitions. 

Above we addressed the model energies of the CT 
transitions. In frames of our model approach the rela- 
tive intensities for different dipole-allowed CT transitions 
are governed by the relative magnitude of different one- 
electron dipole submatrix elements. We have performed 
the theoretical simulation of the overall O 2p-Mn 3d CT 
optical band in LaMnOa generated by dipole-allowed CT 
transitions in MnOg~ octahedra given simple physically 
reasonable assumptions concerning the one-electron sub- 
matrix elements. We have assumed: i) the equal integral 
intensities for the a — a and n — tt channels: I^a = Itttt, 
that corresponds = 6Aj; and ii) the equal integral in- 
tensities /ttct — IdTT — O.l/o-o- for all weak dipole-allowed 
transitions t2n(7r) — Cg, ii„(7r) — Cg, and tiu{(j) — <2g- 
The former assumption agrees with the well-known semi- 
empirical rule that simply states: \a ~ 2\.,r- Indeed, the 
theoretical calculations and experimental data for 3d^ 
configuration in FeOg^ octahedira,A4eld: « 3.5A^ and 
\l « (2.5 6.0) Aj, respectively.Bi3 The latter assump- 
tion concerns the outgoing beyond the "local" approxi- 



mation and seems to be more speculative. Probably, this 
yields an overestimation for t2ui'^)—eg transition, but un- 
derestimation for tiuiir) — Cg and ii«(iT) — t2g transitions, 
which intensity can be enhanced due to tiuiir) — tiu{(T) 
hybridization. The more detailed quantitative descrip- 
tion of the weak dipole-allowed CT transitions needs the 
substantial expansion of our model approach and further 
theoretical studies. 

The calculated model contributions of the dipole- 
allowed CT transitions to the imaginary part of dielec- 
tric function are presented in Figs. 3a, b for conventional 
Dq > (Fig. 3a) and unconventional Dq < (Fig. 3b) 
sign for the crystal field parameter. The top panels 
in both cases show the partial contributions of differ- 
ent dipole-allowed transitions modeled by rather narrow 
Lorentzians with linewidth F = 0.5 eV to clearly reveal 
the multiplet structure. The lower panels present the 
overall contribution to the imaginary part of dielectric 
function of the dipole-allowed CT transitions. Here, the 
Lorentzian linewidth is assumed to be F — 1.0 eV for 
all contributions to maximally reproduce the experimen- 
tal situation. All the spectra are presented in the same 
relative units. 

As it was mentioned above, the energy spectrum of CT 
states in MnOg^ octahedra does not depend on the sign 
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of the crystal-field parameter Dq. However, the inten- 
sities of certain CT transitions appear to be extremely 
sensitive to the sign of Dq^ or in other words, to the rel- 
ative energy position of eg and t2g orbitals. First of all, 
this concerns the tt — tt and a — tt channels which mani- 
fest anomalously strong dependence on the Dq sign with 
clearly seen spectral weight transfer from the composite 
band centered around ~ 5 eV given Dq > (Fig. 3a) 
to the composite band centered around 9 eV given 
Dq < (Fig. 3b). From the other hand, the a — a and 
TT — CT channels which define the low-energy part of the 
overall CT band show no change with the Dq sign inver- 
sion. Thus, the high-energy part of the overall CT band 
provides a very sensitive tool to examine the screening 
effects for crystal field in the 3d^ configuration with the 
oxygen hole surrounding. 

The theoretical findings are in reasonable quantitative 
agreement with experimental spectra available.El Indeed, 
a rather broad spectral structure with distinctly revealed 
peaks near 5 eV and 8 -^,9 eV is observed in the £2 spec- 
tra for undoped LaMnOsEl (see inserts in Fig. 3), although 
only the band peaked near 5 eV was assigned earlier 
to the O 2p-Mn 3d charge transfer. The high-energy 
peak at 8 9 eV was assigned|-by Okimoto et al. to O 
2p-La 5d interband transitionsB albeit this was argued 
rather on the quantitative considerations than either cal- 
culations. However, Arima and Tokura in their optical 
study of different perovskite-type RMDs (R=La, Y, M 
= Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu)H have shown that 
similar band is commonly observed for all both LaMOa 
and YMO3 compounds. In other words, it seems more 
natural to ascribe this band rather to the high-energy 
edge of the O 2p-]VL3d CT transitions, than the O 2]:^. 
La 5d, O 2p-Y 4dJ3 Comparing experimental spectraEl 
with simulated ones we may unambiguously assign the 
high-energy feature around 8-^9 eV to the high-energy 
edge of the O 2p-Mn 3d CT transitions given the un- 
conventional sign of the crystal field parameter Dq < 
(see Fig. 3b). In other words, comparing the experimen- 
tally observed relative intensities of 5 eV and 8 9 eV 
bands, we may conclude that the oxygen hole in the CT 
states of MnOg~ center can give rise to the strong over- 
screening of the crystal field parameter Dq resulting in 
the sign inversion. Generally speaking, we believe that 
this conclusion needs theoretical and experimental sub- 
stantiation in the further studies of the CT states and 
transitions both in LaMnOa and another 3d oxides. Nev- 
ertheless, one should note that irrespective of the numeri- 
cal value and sign of Dq, the low-energy spectral range of 
the overall CT band consists of a series of transitions with 
increasing intensity beginning from the lowest dipole- 
forbidden tig(7r) — Cg peaked at 1.7 eV, weakly dipole- 
allowed t2ti(7r) — Cg peaked at 2.5 eV, relatively more in- 
tensive, but weak dipole-allowed ti„(7r) — eg peaked at 
3.5 eV, and, finally, strong dipole-allowed ti„(a) — eg 
transition peaked at 4.7 eV, respectively. It should be 
emphasized one more that the multi-band structure with 
a wide spectral range of the order of 10 eV represents 



one of the characteristic features of the O 2p - Mn 3d 
charge transfer optical response in LaMnOs which has to 
be first taken into account before any theoretical treat- 
ment of experimental spectra. 

Interestingly, that with slight substitution in doped 
systems like Lai-ajSr^jMnOa the weak^ low- energy edge 
band at 1.7 eV gradually disappearsQ'El with the simul- 
taneous shift of the high-energy bands to the lower fre- 
quencies. Our model allows to associate this effect with 
the localization of the doped holes in the upper purely 
oxygen orbitals like tig(7r), t2ii(7r).H Then the lowering of 
the electron density for these states would result in the 
lowering of the intensity for the appropriate CT bands. 
The red shift of the high-energy bands can result from 
the screening effects induced by oxygen holes mainly for 
the Racah parameter A. 

Concluding this Section, we wauld like comment recent 
paper by N.N. Kovaleva et al.S3 In frames of the fully- 
ionic shell model the authors explored the role of elec- 
tronic and ionic polarization energies and estimated the 
optical CT energies. To the best of our knowledge, this 
is first attempt to give the realistic picture of different 
charge fluctuations in manganites for which the polariza- 
tion energies are crucial. In what concerns the optical 
properties of LaMnOs the authors suggest that the band 
at '--^ 5 eV is associated with the fundamental O 2p - Mn 
3d CT transition, whereas the band at ^ 2 eV is rather 
associated with the presence of Mn^'^ and/or self- 
trapped holes in probably non-stoichiometric LaMnOs 
compound. Broad band peaked near 9 cV is assigned to 
O 2p - La 5d CT transition. However, their assignment 
is based on the numerical results obtained in frames of 
the semi-empirical shell model with the full neglect of 
the orbital degeneracy, many-electron intra-atomic cor- 
relations, and crystal field effects both for manganese 
and oxygen electrons. On the other hand, namely these 
effects are shown here to be responsible for multi-band 
structure of the CT optical response. In a sense, the fun- 
damental O 2p - Mn 3d CT energy evaluated in Ref.p^ 
to be 5.6 eV represents a mean value of the respective 
CT energies. 



V. CONCLUSIONS 

In frames of a rather conventional quantum-chemical 
cluster approach, which combines the crystal field and 
the ligand field models we have examined different CT 
states and O 2p-Mn 3d CT transitions in MnOg^ octa- 
hedra. The many-electron dipole transition matrix ele- 
ments were calculated using the Racah algebra for the cu- 
bic point group. Simple "local" approximation allowed to 
calculate the relative intensity for all dipole-allowed tt — tt 
and cr — (7 CT transitions. We present a self-consistent 
description of the CT bands in insulating stoichiometric 
LaMnOa. Our analysis shows the multi-band structure of 
the CT optical response with the weak low-energy edge 
at 1.7 eV, associated with forbidden tig(7r) — eg tran- 
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sition and a series of the high-energy weak and strong 
dipole-allowed high-energy transitions starting from 2.5 
and 4.5 eV, respectively, and extending up to nearly 11 
eV. The most intensive features are associated with two 
strong composite bands near 4.6-^4.7 eV and 8^9 eV, re- 
spectively, resulting from the superposition of the dipole- 
allowed a — (J and tt — tt CT transitions. These theoretical 
findings are in quantitative agreement with experimental 
spectra available. We examined the effects of the sign of 
the crystal field parameter Dq and showed that the tt — tt 
and (7 — TT channels contrary to ct — cr and -K — a ones man- 
ifest anomalously strong dependence on the Dq sign with 
clearly seen spectral weight transfer from the composite 
band centered around ~ 5 eV given Dq > to the com- 
posite band centered around ~ 9 eV given Dq < 0. Thus, 
the high-energy part of the overall CT band provides a 
very sensitive tool to examine the screening effects for the 
crystal field in the 3d^ configuration with the oxygen hole 
surrounding. The experimental data point to a strong 
overscreening of the crystal-field parameter Dq in the 
CT states of MnOg~ centers. In addition, we would like 
emphasize the specific role of the intra-atomic correlation 
effects. It seems, the actual spectral picture of the CT 
optical response is determined on equal footing both by 
the intra-atomic d-d electron-electron repulsion and sin- 
gle electron effects. We believe that these and many other 
semi-quantitative conclusions drawn from our model will 



stimulate the further theoretical and experimental stud- 
ies of the CT states and transitions both in LaMnOa and 
another 3d oxides. We did not consider the inter-center 
CT transitions. Its role in optical response remains so 
far unclear, however, appropriate intensities seem to be 
small because these are proportional to small inter-center 
d-d transfer integrals squared. 
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APPENDIX A: 



NUMERICAL VALUES FOR 6j- AND 6r-COEFFICIENTS THAT ONE NEEDS TO 
CALCULATE THE DIPOLE TRANSITION MATRIX ELEMENTS 
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